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ABSTRACT

Bituminous materials are used in many civil engineering applications where adhesion to a
substrate is essential for good performance. Yet, it is not possible to predict the adhesion
strength of these materials. The particular case of bituminous crack sealants is of interest
in this paper, where the effect of sealant viscosity, aging, test temperature and loading
rates are investigated by means of a blister test. This test provides the bonding
characteristics to a model aggregate in terms of interfacial fracture energy (IFE). From
the testing of several sealants, it was found that pouring viscosity affects adhesion and
that higher viscosities help to attain higher IFEs. Temperature was found to play a key
role on bonding characteristics and failure mechanism because it affects the viscoelastic
properties of the sealant. In other words, the glass transition temperature (T,) was found
to have a governing role on bonding characteristics. At temperatures above T,, bond
strength was found to be affected by sealant flow such that failure is flow related, i.e.,
cohesive failure prevails. At temperatures below the T,, where sealants are stiff and bulk
deformation is low, stress is directed towards the interface so that failure tends to be
adhesive. In taking into account temperature and test rates, an IFE master curve was
obtained for a sealant. Such curve may be used in predicting and comparing sealant IFE.

Keywords: adhesion, asphalt, bitumen, binders, blister test, bonding, interfacial fracture
energy, sealants, time-temperature superposition, viscosity, WLF.
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INTRODUCTION

Bitumen and bituminous materials are important engineering materials, with more
than one hundred uses (/). In most applications, waterproofing and adhesion are key
material characteristics; hence, many studies have dealt with the adhesion of bituminous
materials (2-14), including the compatibility between bitumen and aggregates in hot-mix
asphalt (HMA) (4-5), and the effect of water on the bitumen-aggregate bond in HMA (7-
10). The ultimate goal is to predict the adhesion of the bituminous material to the
substrate, such as HMA, aggregates, or model aggregates as glass or aluminum (2, 10-
11).

Given the importance of pavement maintenance and the emphasis to extend the
service life of aging roadways, efforts have been directed towards better understanding
crack sealing and bituminous crack sealants, including characterization their adhesion in
sub-zero temperatures (/2, 13). Sealants are complex mixtures (3) for which adhesion has
been related to viscosity or temperature (11, 12, 13, 15); but given the few sealants
studied, it is generally impossible to predict sealant adhesion.

In an effort to expand the knowledge of the factors that affect bituminous crack
sealants adhesion and help predict their adhesion to aggregates, the effect of temperature,
viscosity, and sealant composition on adhesion has been investigated, along with the
effects of aging, and test rate. It was found that sealant rheology, that is, viscosity and
stiffness, govern sealant adhesion and that a newly developed blister test (2) allows for an
unprecedented characterization of the adhesion behavior of the materials, and that the
development of adhesion master curves may be useful predictive tool.

EXPERIMENTAL
Materials and methods
Three bitumens (asphalt binders) and eight bituminous sealants were studied. The binders
were graded as PG 64-22, PG 58-28, and PG 70-22. The sealants were purported to meet
the ASTM D6690 specifications. Table 1 shows some characteristics, including the glass
transition temperature (T,) measured with a Mettler Toledo DSC821e differential
scanning calorimeter. The T, was taken as the mid-point of the change in heat capacity
(16) upon heating from —150°C to 150°C at 10°C/min in an 80mL/min flow of nitrogen.
Sealant viscosity was measured from 140°C to 200°C in steps of 10°C by means
of a Brookfield Thermocel viscometer equipped with an SC4-27 spindle rotated at 60
rpm (/7). Sealant aging was done in vacuum at 115°C for 16h, the details of this aging
method are to be provided in another publication.

Sealant composition

The concentration of styrene-butadiene (SB) copolymer in sealants was measured by
infrared spectroscopy (18). The polybutadiene band at 966 cm™ and the polystyrene band
at 699 cm™ (3) were used to calculate that concentration.

The concentration of ground tire rubber (GTR) in sealants was measured after a
combination of solvent extraction and pyrolysis. In a first step, 1g of sealant was
extracted with trichloroethylene on a Soxhlet extractor (/9). After drying and weighing,
the insoluble material was burnt in a muffle furnace at 620°C. From the calcium oxide
residue, the content of calcium carbonate filler and GTR was calculated.
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Table 1. Characteristics of bituminous sealants.

Penetration Flow Resilience T,
ID 25°C 60°C 25°C °C
(dmm) (mm)

AE [ N/A N/A N/A —68
BB [ 148 0 80 —54
DD |80 1.5 50 -20
EE [ 47 0 51 —76
MM [ 120 1 70 -54
NN [75 0 70 —60
PP 130 1 44 —78
QQ |22 0 36 53
UU [ 62 1.5 N/A =30
VV [ N/A N/A N/A =31
WW [ N/A N/A N/A —63
YY |42 N/A N/A —-38
77 |42 N/A N/A —27

Blister test

The bond between the bituminous materials and aluminum, a normalized aggregate
surface, was measured by means of a blister test (2). In this test, a piston, moving at a
constant rate, forces a liquid (alcohol) through an orifice in the substrate. Pressurized
alcohol pushes bituminous sealant away from its aluminum counterpart. As the material
blisters under the action of the pressurized liquid, the pressure and the blister height are
monitored over time. In this study, the orifice radius, a, was 12.5mm, the sample
thickness, A, was 4.7mm, and the Poisson ratio, v, was taken as 0.35 (2). The tests were
conducted at 8°C, 2°C, —4°C, —10°C, —16°C, -22°C, -28°C, —34°C, and —40°C. Not all
sealants were tested at all temperatures; because many sealants tend to fail cohesively at
relatively extreme temperatures. Binders were tested at 5°C and 10°C only. The load rate
(piston motion) was 0.1mm/s, unless stated otherwise, which translated into a liquid flow
rate of 0.1L/h (2).

RESULTS AND DISCUSSION

Blister testing

Typical test results of sealant blistering prior to adhesion are shown in Figure 1. At any
given temperature, the height of the blister increases with pressure. The slope rises with
cooling as sealant stiffness increases; but the pressure-height relationship is never linear,
although it approaches linearity at the lowest temperatures. The curves typically show
three stages, at —16°C for instance, the pressure increases linearly and most steeply below
a 0.1mm deformation, before pressure slowly levels down to a steady-state regime
beyond a deformation near 0.5mm. This progression is typical of viscoelastic materials,
for which deformation is in turn elastic (glass-like), viscoelastic and finally viscous
(liquid-like). At =34 °C, the initial slope is higher and longer, which demonstrates that the
elastic glass-like response dominates the low temperature behavior.
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The data in Figure 1 are reminiscent of those obtained from the tensile testing of
polymers at various temperatures and for which the modulus is plotted against
deformation (20). It follows that the pressure data in Figure 1 can be converted to
modulus by means of Equation 1 (2).

_pn A=V)a'  (A+wa’ . pt)
EO= 00 53 T ian 17T ®gq 1)

where E (t) is the modulus at time ¢, p(?) is the pressure, d(?) is the blister height, v is the
Poisson ratio, a is radius of the orifice in the substrate, and 4 is the material thickness. A
geometric function, f{g), along with pressure and blister height thus define the modulus.
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FIGURE 1 Pressure-height results from a blister test on a sealant.

Figure 1 shows the change in blister height at short times. At longer times,
however, deformation and pressure reach a maximum before they starts to decrease
(Figure 2). Around the maximum, adhesive failure occurs at the interface between the
bituminous material and the substrate. At failure, the pressure starts to decrease, and the
blister starts to grow horizontally, while continuing its vertical growth.

From the E(?) and p(t) of Equation 1 taken at the maximum pressure (Figure 2),
knowing the geometry of the specimen, the energy spent in debonding the material from
the substrate, can be obtained. This is also known as the interfacial fracture energy (IFE),
which is calculated using Equation 2 (2). The IFE can be used to assess the effect of
various parameters on bonding characteristics. In this respect, the effect of pouring
viscosity, aging due to heat, test temperature, and test rate are described next.
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FIGURE 2 Blister test results with bulging followed by debonding after a pressure
threshold.

E= pz(t)a[3a3(l_"2)+3a(1+v)+2(1—v2)]

E@n = 328 10K T 2)

Viscosity, sealant composition, and bonding characteristics

During installation, sealants are heated to a liquid state so that they can be poured into
joints or cracks of irregular profile. The higher the heating temperature, the more liquid
the sealant becomes. Consequently, installation crews sometimes have a tendency to use
higher temperatures to achieve a greater production rate; but the effect of temperature is
material dependent. A 10°C change in temperature, for instance, causes a change of 2%
to 35% in viscosity (/7). The more liquid sealant may also more easily wet the irregular
crack surface (/5) and provide a better bond (/1); but the higher temperature required to
achieve the lower viscosity can degrade the sealant and affect its elasticity (27). The
temperature and the viscosity of sealants during installation thus affect performance, but
few researchers have investigated this relationship (/7).

The viscosity of seven sealants was measured at 140 °C to 200 °C (Figure 3). As
expected, the viscosity decreased with a rise in temperature. Viscosity being a complex
function of composition, not all sealants showed the same trend, although all sealants
showed a non-linear decrease of viscosity with a rise in temperature. As will be discussed
below, viscosity affects bonding characteristics; but a short digression on the effect of
composition on viscosity is instructive.

In polymer modified bitumen, a rise in polymer concentration or an increase in
polymer molecular weight (i.e., chain length) promote viscosity (22) because of chain
entanglement (23). In rubber asphalt, the swelling of GTR with asphalt oils (24), imparts
elasticity and raises viscosity (25). Given that bituminous sealants can contain a styrene-
butadiene (SB)-type copolymer, ground-tire rubber (GTR), or both (3), sealants can be
viscous due to both polymer and GTR.
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FIGURE 3 Effect of temperature on sealant viscosity.

Simple rheological fluids show a linear (i.e., Arrhenius) relationship in plots of
log viscosity vs 1/T (26). For sealants, such representation reveals that sealants DD, QQ
and YY are complex fluids, as shown by the curved dotted lines in Figure 4. In contrast,
sealants AD, AE, WW, and NN are simple rheological fluids as shown by the lines of
constant slope. These sealants thus contained little gelled, cross-linked, material like
swollen GTR that would prevent simple flow. The data on sealant composition in Table 2
show that this is the case. Another indication of relative composition is the viscosity
itself. Sealants AD, AE and WW had a much lower viscosity than the other sealants
(Figure 3). At 180°C (1/T =0.0022), for instance, they had viscosities near 2Pa.s, or
lower, whereas the sealant DD did not become so fluid until 200°C (1/T =0.0021), and
the other sealants never reached that fluidity.

10

T o AD
O AE
AWW
AYY
o NN
= QQ
© DD

Viscosity (Pa.s)

o

0.1 T T T
0.0021 0.0022 0.0023 0.0024 0.0025

1/T (K)

FIGURE 4 Arrhenius representation of the effect of temperature on sealant
viscosity
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Table 2 shows that sealant AD had a high content of mineral filler, 19%, and yet
the lowest viscosity. This suggests that fillers play a minor role in the viscosity of
sealants. Despite its low viscosity, sealant AD surprisingly had the highest polymer
content, 8.1%. Given that it is the entanglement of long polymer chains that raise
viscosity, the low viscosity of sealant AD indicated that it contained a polymer of low
molecular weight with little capacity for entanglements and viscosity enhancement.

Overall, the viscosity of the sealants correlated best with the content of GTR
(Table 2). Sealants DD, QQ and Y'Y displayed the highest viscosities (Figure 3) and the
highest GTR contents. Obviously, the SB copolymer and its molecular weight also play a
role. Sealant QQ, for instance, shows a viscosity higher than sealant DD, yet its
concentration in GTR and SB was only half as high. This demonstrated that the
molecular weight of the polymer in QQ was greater than that in DD.

TABLE 2 Viscosity of some sealants and their composition
AD AE WW DD QQ YY NN
Viscosity*, Pa.s 0.6 1.9 2.8 4.5 5.9 6.9 8.6
Filler (mass %) 19 ND 3.1 10 2.5 4 ND
SB* (mass %) 81 ND 59 6.8 3.5 1.4 ND
GTR'(mass%) 0 ND 3 18 9 24 ND
GTR + SB 81 ND 89 248 125 254 ND

* At 180°C. *Styrene-butadiene-type copolymer. 'Ground tire rubber.
ND: not determined

To investigate the principal topic of interest in this section, the effect of viscosity
on the interfacial bonding energy, the sealants were poured at two temperatures on the
aluminum substrate used for the blister test. The highest temperature of 200°C provided
for the lowest viscosity. A lower temperature was selected as to provide a viscosity at
least 1Pa.s higher than at 200°C; but never higher than 3Pa.s (Table 3).

TABLE 3 Pouring viscosity (Pa.s) before the blister test

Temperature, °C

Sealant 140 | 170 | 180 | 190 | 200 An
AD 2.1 0.4 1.7
AE 2.3 1.2 1.1
WW 2.6 1.5 1.1
DD 42 | 2.1 2.1
YY 7 4 3
NN 6.1 4.7 1.4
QQ 51 | 34 1.7

An: Viscosity difference

The effect of viscosity on sealant IFE is shown in Figure 5. Without exception,
the higher viscosity provided for a greater IFE. These results contrast with the result of
Svec et al. (/1) who poured one sealant at two viscosities in an HMA rout and measured
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a better adhesion at the lower viscosity. These combined results indicate that a low-
viscosity sealant can develop a good bond with a rough surface, by interlocking within
the surface pores (15, 27); but that once wetting of the surface is ascertained (as with the
smooth aluminum substrate), high-viscosity sealants show a better bond. This clearly
demonstrates that sealant bulk properties play a key role on the structure and strength of
the interface, which is consistent with the viscoelastic response of adhesives (28).

800

Low Viscosity
OHigh Viscosity

600 -

400 -

IFE (J/m?)

200 -

7 r
_ L1

DD-16 NN-34 AD-40 YY+2 QQ+2

.

FIGURE 5 Interfacial fracture energy at 2°C to —40°C after pouring
sealants at high and low viscosities.

Effect of aging on bonding characteristics

Sealants are installed hot and liquid so that they can follow irregular crack profiles.
However, excessive temperature and long heating times can degrade the sealant and
affect its properties (21). In practice, an aged sealant is always installed, and it ages
further in service due to weathering. It was thus of interest to briefly investigate the effect
of aging on bonding characteristics.

Figure 6 shows the effect of aging on the IFE of six sealants tested between +2
and —40°C. Three sealants showed lower IFE upon aging, two sealants showed a greater
bond, and one sealant was unaffected. This trend is consistent with the effect of aging on
the tensile strength (27) in that it indicates that aging is material specific. In some cases,
stiffening occurs, whereas in other cases softening prevails. Aging thus affect sealant
properties, including adhesion, differently based on composition.

Effect of temperature on bonding characteristics

Sealants have unique compositions and rheology. In cold temperatures, some sealants are
flexible, some others are rigid, and others yet, semi-rigid. The data in Figure 6 showed
IFE values for sealants at a single temperature, selected such that a fairly flexible state
was maintained. To better define the effect of temperature on the IFE, sealants were
tested at another temperature, along with three PG binders.

The effect of temperature on the IFE is shown in Figure 7, where the labels
appended with an “A” indicate an aged material. Two trends are conspicuous. Figure 7-a
shows that the binders and some sealants initially had a low IFE that increased with
cooling. These results are consistent with those in Figure 5; a stiffer sealant shows greater
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IFE. In contrast, some sealants initially showed a very high IFE that was lowered by
cooling, as shown in Figure 7-b. Given that all sealants became stiffer upon cooling; this
lowering of the IFE may be an indication of a viscoelastic transition in the bituminous
material, as it is the case with polymeric adhesives (28).

700

OAged I

600 TlgNon-aged| """ o

77+2 QQ+2 Uu-16 NN-34 AE-40 LL-22

FIGURE 6 Interfacial fracture energy of aged and non-aged sealants.

The conjugation of the data in Figure 7 and Table 1 reveal that materials with an
initially low IFE that increases upon cooling generally had a T, at —30°C or higher, and
that sealants with a high initial IFE that decreases upon cooling had a T, below —60 °C.
With the T, of bitumens usually between -5 and —30°C (29), and that of the butadiene
unit of SB copolymers near —90 °C (3), the disparity in T,s is an indication of relative
copolymer concentration. The greater is the SB concentration; the lower is the T, of the
mixed polymer-bitumen phase (30). The lower T, indicates that the sealant matrix is rich
in polymer. At a concentration greater than about 5%, a continuous polymer matrix and
dispersed bitumen phase is obtained. A polymer concentration in excess of 5% was
confirmed by FTIR (Table 4). Interestingly, a low T, enhances sealant field performance

).

TABLE 2 Copolymer concentration in sealants vs IFE trends in Figure 7.
Rising IFE  SBS, wt % Dropping IFE SBS, wt %

QQ NA AE 8.9

[818} 3.5 LL 12.2

\'AY% NA NN 6.2

77 NA PP 5.8
NA Not assessed

Effect of temperature and loading rate

The above section revealed that material composition and T, affect bonding. Given that
T, is frequency and rate dependent (37), it may be expected that blister test results on
bituminous materials would be rate dependent, like those for adhesives (28). To
investigate this possibility, sealant UU was used, as it could readily be tested over a wide
range of temperatures, —4°C to —34 °C.
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FIGURE 7 IFE at peak pressure for sealants adhered to aluminum.

Figure 8 shows the IFE for sealant UU upon the application of loading rates of
0.1mm/s, 0.6mm/s, and 1mm/s at six temperatures. The results are sibyl to the combined
trends in Figure 7. At all rates, the IFE first increased with cooling, before it started to
decrease. The trend is highlighted with a dotted line for the IFE obtained at Imm/s. The
slower rate led to a more gradual trend and to the lower temperature at which the trend
reversal was observed. It occurred near —28°C at 0.1mm/s, in good agreement with the
middle of the T, for this sealant at —30°C (Table 1).

Figure 8 also shows that the IFE is as affected by rate as it affected by
temperature. At each temperature down to —22 °C, the IFE increased before it decreased.
Starting at —28°C, however, the trend changed. This may be related to the T, of this
sealant at =30 °C.
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FIGURE 8 Interfacial fracture energy for sealant UU as a function of temperature
and test rate.

Working on polymers, William, Landel, and Ferry related temperature and rate in
an elegant fashion to produce a modulus master curve where data at one temperature
could be shifted to fit naturally with data obtained at another temperature, thus providing
a much improved perspective on the effect of temperature, or rate, on modulus and its
change at T, (37). To normalize the data with respect to the glass transition, a shift factor,
ar, was calculated with the WLF equation (Equation 3).

Loga, =114T-T,)/51.6 +(T' -T,) 3)

where T is the test temperature of the viscoelastic material. The WLF equation is
restricted in its use to viscoelastic materials tested above their T, so it does not hold for
glassy or crystalline materials.

Adhesives being polymers above their Ty, the WLF equation was applied to the
study of polymer adhesion onto rigid substrates (28). Bituminous materials being
viscoelastic adhesives, the WLF equation is also of interest to normalize the IFE in
Figure 8 with respect to T,. The result of this normalization is a master curve as shown in
Figure 9, where Rar is the effective test rate.

The adhesion master curve in Figure 9 retains the duel trends observed in Figure 8
where the IFE increases before it decreases. The master curve allows for a rheological
interpretation of these trends. At low rates, viscoelastic materials show liquid-rubbery
behaviour, whereas at high rates they show stiffer, if not glassy, behaviour (37). In the
case of sealant UU, the divide between the two behaviours is the maximum IFE near 515
J/m?, which represents the rubbery-glassy transition, i.e., the T,.

Figure 9 shows that IFE is reduced as the sealant is tested away from its glass
transition. At low rates, or high temperatures, adhesion is reduced as liquid behaviour
becomes prevalent, that is because liquid deformation expends little energy; to the
extend that at relatively high temperatures or low loading rates, failures become cohesive
as the material tends to fail by coming apart. In contrast, as the rate increases, or
temperature decreases, adhesion decreases because energy is not spent on material



Al-Qadi, Fini, Masson, McGhee 12

deformation because it is stiffer. In this case, energy is spent at the interface and failure
tends to be adhesive.

The master curve in Figure 9 indicate that in practice sealant failure is cohesive at
high and moderate temperatures, whereas it is adhesive at low winter temperatures. Field
observations have demonstrated the prevalence adhesive failure (32, 33). Consequently,
the T, of sealants is often too high. To help select sealants with proper adhesion, the
comparison of IFE master curves from representative rates and temperatures would be
advantageous.

600

500 -

400 ~

300 -

IFE,J/m?

200

100

Log (Rar)

FIGURE 9 IFE versus reduced rate for sealant UU on aluminum.

CONCLUSION

Bituminous materials often fail in adhesion during winter. This is especially true of
bituminous sealants applied to roadway cracks and joints. In an effort to better understand
the nature of this failure, the effect of viscosity, aging, temperature and strain rate on the
interfacial fracture energy (IFE) of bituminous sealants and binders were measured by
means of a blister test. The substrate was a normalized model aggregate, namely, smooth
aluminum.

When sealants were poured at a high and a low viscosity, the higher viscosity
always led to a stronger bond. This indicated that in the absence of interfacial defects, the
sealant bulk properties play a key role on the interfacial strength. Of particular
importance in this respect was the content of rubbery material, namely, ground tire rubber
(GTR) and SB copolymer. Aging, which modifies viscosity, also affected the bonding;
but given that aging was material specific, no trend emerged between bonding
characteristics and aging.

After the measure of IFE at various temperatures and rates, and the time-
temperature superposition of the results into a master curve, the effective viscoelastic
properties of the sealants were found to play a determining role on bonding and the
mechanism of interfacial failure. In conditions where the material is in a liquid-rubbery
state, above the glass transition temperature (T,), IFE shows an increasing trend with
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loading rate; which shows bulk property is dominant. At very low loading rate, failure
tends to be cohesive. However, failure tends to be adhesive when the material is stiff,
below the T,. Sealants with a low T, below —60°C because of high polymer content,
were found to have the highest IFE when tested in sub-zero temperatures.

The benefit of this study is in being able to predict sealant bonding under realistic
field conditions. With the combination of loading rates and temperatures expected in
service, sealant users could determine and compare the IFE of various products.
Alternatively, sealant producers could generate IFE master curves to better identify the
conditions under which a particular sealant would perform well.
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